In AVO (Amplitude Variation with Offset) analysis, the amplitudes of reflected waves with different incident angles are studied to deduce lithology information beyond the structure map obtained by seismic imaging algorithms. The quantitative analysis of the amplitude, relies on common-image gathers being flat (or equivalently, at the same depth). But the waves with different incident angles will have different apparent velocities, resulting in different depths for the same image point at different angles, or non-flat common image gathers. In many scenarios, non-flat common-image gather was flattened by trim means at the cost of compromising zero-crossing and polarity-reversal information. This work presents a solution based on the seismic imaging subseries of the inverse scattering series (ISS) that flattens the common image gather without knowing or determining the subsurface velocity, and without any harmful amplitude consequencies.
INTRODUCTION
Inverse scattering series (ISS) is a comprehensive theory for processing primaries and multiples without the traditional need for a subsurface velocity. Several task-specific subseries of ISS (Weglein et al., 2003) had been identified. These subseries correspond to classical objectives of seismic data processing: (1) eliminating free-surface multiple (Carvalho et al., 1991; Carvalho, 1992) , (2) eliminating the internal multiples (Weglein et al., 1997; Araújo, 1994; Matson, 1997; Ramírez and Weglein, 2005) , (3) imaging reflectors at depth (Weglein et al., 2000 (Weglein et al., , 2002 Shaw et al., 2003; Innanen, 2003; Shaw, 2005; Liu, 2006) , (4) determining the parameter changes across the reflectors (Zhang, 2006) . This article is specific to task (3): the image of the same reflector in the same lateral coordinate, flattened and migrated to the same (actual) depth without knowing or determining the subsurface reflector.
Description of the problem
For simplicity, consider an exploration problem in 2D where z s (the elevation of the source) and z g (the elevation of the receiver) are fixed. In this case, the seismic data is considered a function of three variables: x s (the horizontal coordinate of the source), x g (the horizaontal coordinates of the receivers), and t (time).
Physical properties at points in the subsurface, including reflector location in space, are not in any way dependent on the surface reflection data, or any subset of the data, used to determine or estimate those properties. That criteria is in used current leading-edge imaging as a necessary condition that an imaging algorithm with a correct velocity would satisfy. For example, images from different offset components of the data ought to locate at the same point in space if the velocity is correct. That concept is simple but in practice often not easy to realize. Methods to force or "iron" the common-image gather data flat and horizontal can have very serious and harmful consequences on subsequent analysis with lost polarity reversals and difficulty identifying class I and class II AVO anomalies.
In this paper we demonstrate that the higher-order velocity-independent imaging subseries automatically produces the flat common-image gather, as you would expect from an imaging algorithm that produces the image at the correct depth. Not only is there no velocity, but the flatness is achieved without damaging the offset dependent amplitude information in imaged the data.
This phenomena can be illustrated by the two experiments shown in Figure 1 . It is obvious that no event in the input data is flat. In the common image gather, the first reflector (water bottom) is flattened, but the reflectors below are still curved. The phenomena described above will compromise the AVO analysis, where the reflection event from the same reflection point should be flat. Flattened events are very desirable for quantitative estimation of the reflection strength. This phenomena had already been studied in Shaw (2005) for earh even without lateral variation and dealt with using the leading order imaging subseries.
THEORY
For a constant-density acoustic model, the mathematical description of the 2D wave-propagation is,
Flattening of common image gathers
where ω is the temporary frequency (the Fourier conjugate of time t), G(x, z, x s , z s , ω) is the wave-field, the function c(x, z) is the velocity field.
Equation (1) can be systematically solved by the inverse scattering series (Weglein et al., 2003) with the help of a wave parapagation in a much simpler reference velocity c 0 ,
where G 0 (x, z, x s , z s ω) is the reference wave-field.
In the inverse series, equation (1) is computed in an order-by-order fashion via the inverse scattering series (equation (11)∼ (13) of Weglein et al. (2003)) as,
where k = ω/c 0 ; D in equation (3) is the input data for the inverse scattering series and is the difference between the actual wavefield G and the reference wavefield G 0 ; α 1 , α 2 , · · · are iteratively computed and can be used to construct α = α 1 + α 2 + α 3 + · · · , which is related to the subsurface geology via α = 1 − c 2 0 /c 2 (x, z). Equation (3) can be solved via Fourier transform. Following the notation in Clayton and Stolt (1981), we use k z , k g , k s , k m , and k h to denote the Fourier conjugate of z, x g , x s , x m = 0.5(x g + x s ), and x h = x g − x s respectively. In the examples in this article, the reference velocity (the velocity actually used in migration) c 0 is chosen as whole-space constant water velocity. The detailed derivation of the equations in this article can be found in Liu (2006) and the final solution is summarized below.
The solution of the first term α 1
The data is chosen according to the following relation,
where the constant θ is the incident angle of synthesized plane wave by Radon transform defined in the CMP (common-mid point) gather (see equation (9)). With equation (6) as constraint, the temporary frequency ω can be expressed as a function of k m and k z ,
With ω defined in equation (7), our generalized migration formulism can be expressed as,
where the double tidle signs in the equation above are used to denote the fact that the expression had been Fourier transformed twice from its original form in the spatial domain (x, z) to frequency-wavenumer domain (k m , k z ), and D τ p is computed via Radon transform,
Equation (6) of Liu et al. (2006) can be considered as a special case of equation (8) where the angle θ is chosen as zero.
Higher order imaging subseries
The higher-order imaging subseries (HOIS) in equation (11) of Liu et al. (2006) is generalized for non-zero θ as,
Interested readers may refer to Liu (2006) for detailed derivation and discussion for equation (10).
NUMERICAL EXAMPLES
The synthetic data set (see examples in Figure 4 ) used in this article was generated upon a salt model shown in Figure 3 . The linear images (α 1 ) of the inverse scattering series with different angles are calculated via equation (8) and the imaging results for two typical angles are shown in Figure 5 and Figure 6 .
In order to consistently use the migration result in Figure 5 and Figure 6 in AVO analysis, it is very desirable that they share the same depth. But only the images of the water-bottom share the same depth, as indicated by the flat water-bottom in the common-image gather in Figure 7 . The images of the reflectors below the water-bottom are not flat, as indicated by the bumpy refletors in Figure 7 . Since the angles we studied in this example are very small (between 0 • and 9 • ), the curvature of the non-flat events is not easily visible. For display purpose, we duplicate each imaging result for an angle 100 times. We (8)) with θ = 9 • . Due to the truncation artifacts (below 2500m) caused by unavailability of the data, θ = 9 • is the maximal angle we studied in this article.
then introduce 100 copy of imaging result for another angle θ , etc, · · · . Since the imaging result for a specific angle is duplicated 100 times, this 100 identical traces will produce a smooth-looking background. In this manner, even the small changes between the imaging results of adjacent angles can be easily seen against the smooth background produced by trace duplication. Since all the reflection events are imaged to the same location after applying the higher-order imaging subseries, it is reasonable to sum all the higher-order images together to have an improved image with better signal/noise ratio, as displayed in Figure 11 .
CONCLUSIONS
In this paper, the efficacy of the higher order imaging subseries is further demonstrated by automatically and accurately producing common- Figure 9 : The higher-order imaging subseries (see equation (10)) with θ = 9 • .
Figure 10: In this common-image gather taken from the left side of the the higher order imaging subseries, all the reflectors are flat. This demonstrates that the higher-order imaging subseries can be used to flatten events in the common-image gather. Figure 11 : The sum of all the higher-order images. Since the reflection events are migrated to the same depth by the higher-order imaging subseries, they sum to each other constructively. But the residual diffractions are not migrated to the same depth, and hence they sum to each other destructively and become much weaker compared to the imaging result for any single fixed angle θ .
image gathers, without the velocity, and with amplitude intact and ready for subsequent AVO analysis.
